Recently, we described a series of novel porphyrin-impregnated hydrogels capable of producing microbicidal singlet oxygen ( 1 O2) on photoactivation. Indirect assessment of the efficacy of 1 O2 production from such hydrogels has been previously described using microbiological techniques, but here we report a novel, direct method of quantification. Anthracene-9,10-dipropionic acid (ADPA) is known to irreversibly form an endoperoxide on reaction with 1 O2, causing photobleaching of its absorbance band at approximately 378 nm. Here, the reaction of this probe is exploited in a novel way to provide a simple, inexpensive, and convenient measurement of . This work demonstrates a simple and straightforward method for direct 1 O2 quantification from porous materials, with general utility.
1
O2) on photoactivation. Indirect assessment of the efficacy of 1 O2 production from such hydrogels has been previously described using microbiological techniques, but here we report a novel, direct method of quantification. Anthracene-9,10-dipropionic acid (ADPA) is known to irreversibly form an endoperoxide on reaction with 1 O2, causing photobleaching of its absorbance band at approximately 378 nm. Here, the reaction of this probe is exploited in a novel way to provide a simple, inexpensive, and convenient measurement of 1 O2 generation from the surface of porphyrin-incorporated photosensitising hydrogels, with the ability to account for effects due to hydrogel porosity. Ingress of the probe into the materials was observed, with rates of up to 3.83 x 10 The high reactivity of photosensitiser-generated singlet oxygen ( 1 O2) has led to its exploitation for photodynamic therapy and photodynamic antimicrobial chemotherapy, and it therefore plays an important role in a number of clinical and antimicrobial treatments and areas of research [1] [2] [3] . Recently, we have prepared photosensitiserincorporated hydrogels for ocular applications [4] . On application of visible light to these hydrogels, 1 O2 is generated through the reaction of the excited state of the photosensitiser with molecular oxygen via what is often referred to as a type II pathway.
This reaction is catalytic, with the photosensitiser unconsumed in the process.
Additional reactive oxygen species such as superoxide anions and hydroxyl radicals may be generated via a type I pathway, but it is known that antioxidant enzymes in bacteria, which can protect against a number of reactive oxygen species, are ineffective against 1 O2 [5, 6] (Kim, Wainwright). As it is widely accepted and has been experimentally determined that 1 O2 predominates in the mechanism of photosensitized cell death [7] [8] [9] (Ergaieg et al, Tavares et al, Bonnett) , the quantification of 1 O2, particularly from porphyrin photosensitisers, is of great significance, and is becoming more necessary as the study and use of photosensitiser-incorporated systems grows. 3 The detection and quantification of 1 O2 from photocatalytic surfaces, however, remains in many ways problematic. To date, only indirect microbiological methods have been used, whereby the adherence of micro-organisms is characterised following irradiation.
While this provides a useful assessment of the antimicrobial properties of the materials, it does not distinguish if these properties are due solely to nm [10] . Due to the short lifetime of 1 O2 in aqueous solution, its poor solubility, and the low quantum yield of the transition back to ground state, detection by this method is challenging. We previously described a method for directly measuring 1 O2 generation from hydrogel surfaces, involving a liquid-nitrogen-cooled Indium Gallium Arsenide detector [11] , which is complex, expensive, and custom-designed, due to the insensitivity of most conventional photomultipliers at the wavelength of 1 O2 fluorescence emission. Furthermore, data deconvolution due to competing processes is complex. It is therefore desirable to find an inexpensive, rapid, and effective alternative means of testing in aqueous media to provide a general method of quantification of 1 O2 generation from materials surfaces, including porous materials such as hydrogels. Given the potentially numerous biological applications of these antiinfective materials, a method which is readily applicable to aqueous systems is particularly relevant.
A number of chemical methods to detect 1 O2 have been described, involving the use of a chemical probe that reacts with 1 O2 to form an endoperoxide. Generally, the probe itself can be spectroscopically characterised in terms of sensitive UV-visible 4 absorbance or fluorescence emission, but the endoperoxide does not possess absorbance or emission in the same wavelength range as the parent molecule, as its formation breaks an extended π-system found in the parent molecule. The ability to monitor this reaction spectrophotometrically allows sensitive and convenient measurement. Some compounds used include 9,10-dimethyl anthracene [12] , 2,5-dimethylfuran [13] , anthracene-9,10-diyldiethyl disulfate (EAS), bis-9,10-anthracene-(4-trimethyl-phenylammonium)dichloride (BPAA) [14] , anthracene-9,10-divinylsulfonate (AVS) [15] , anthracene-9,10-bisethanesulfonic acid (AES) [15, 16] , and anthracene-9,10-dipropionic acid (ADPA) [17] . EAS, AVS, and AES are anionic and therefore may bind with cationic photosensitisers. As TMPyP is tetracationic, they are unsuitable for this study. Due to the proportionality between ADPA concentration and UV-visible absorbance, a plot of ln (A)/(A0) vs t allows the rate constant (k) to be obtained from the gradient, where A is the absorbance at time t, and A0 is the absorbance at time 0.
Preparation of solutions
ADPA
Preparation of hydrogels for analysis
Acrylate hydrogels were fabricated as previously described [4] via free radical-initiated polymerisation of the co-monomers. Tables 1 and 2 describe the relative quantities of co-monomers in each hydrogel copolymer, and the corresponding sample code for each. 
O2 production from porphyrin-incorporated and untreated hydrogels
Porphyrin was incorporated into hydrogel samples (20 x 5 mm) 24 hours prior to testing by dipping into a 10 mg/100 ml TMPyP solution (phosphate-buffered saline (PBS), pH 7.4) for 2 minutes, followed by rinsing with and soaking in deionised water.
Corresponding untreated samples were prepared, without exposure to TMPyP.
Representative treated and untreated samples are shown in Figure 1 .
Porphyrin-incorporated and untreated hydrogel samples were placed in polystyrene cuvettes (1 cm pathlength) with 3 ml ADPA solution (concentration 2.38 x 10 
Results and Discussion
The purpose of this study was to establish a simple and robust method for quantification of 1 O2 generation from photosensitiser-incorporated hydrogels, thus providing an alternative to the currently available, and more complex, direct physical methods.
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ADPA has previously been used in a number of studies for the detection of 1 O2, but this is the first published study for its use in quantification of 1 O2 from porous bulk hydrogels.
Solution studies
Characterisation of ADPA, and of the O2 generation is also confirmed.
Polymer studies
Having established an absence of interaction between TMPyP and ADPA, and the ability of photogenerated 1 O2 from TMPyP to cause ADPA photobleaching, the study was applied to the fabricated hydrogel samples. As with the solution studies, linear first order plots were obtained following irradiation of hydrogel samples ( Figure 5 ).
ADPA absorbance decreases were noted with untreated hydrogel samples, both when irradiated and kept in the dark, and with treated samples kept in dark conditions. This is attributed to uptake of ADPA by the porous hydrogels. The rate constant for ADPA uptake by each material was calculated from the gradient of the first order plots, and is shown in Tables 3 and 4 . Table 5 . When porphyrin-incorporated samples were tested in the dark, however, a much smaller or negligible ADPA ingress into the materials was noted in comparison to untreated samples, with the exception of those containing the smallest proportions of MAA (0MAA and 15MMA). The likely reason for the observed differences between treated and untreated hydrogels is the formation of a more dense surface layer on the surface of TMPyP-incorporated hydrogels, which reduces ingress of ADPA. TMPyP is known to be highly surface localised on hydrogels of this type [4] . In the case of low MAA content, the reduced availability of electrostatic binding sites decreases the density of TMPyP on the surface, therefore allowing a greater uptake of ADPA than the other materials studied. Additionally, in the presence of anionic MAA at the surface of the materials, the cationic TMPyP can neutralise surface charges, reducing the effect of charge repulsion between chains and allowing the polymer structure to relax, making it less porous. In the absence of MAA, impregnation with TMPyP renders the surface cationic, imposing more strain upon the polymer chains, as a result of charge repulsion, leading to an increase in polymer porosity. This accounts for the large uptake of ADPA observed in 0MAA in comparison with polymers containing MAA, and increased uptake in 15MMA compared with polymers containing more MAA.
As a result, uptake kinetics were therefore characterised separately for the porphyrinincorporated and untreated hydrogels. The differences in uptake kinetics of approximately 10 to 200-fold, upon porphyrin-incorporation, and of approximately 10 to 70-fold upon change of hydrogel composition, highlight the degree with which ADPA uptake into bulk hydrogels can be altered with composition and surface modification. The rate of uptake is first order in all tested hydrogel samples, allowing simple subtraction from the rate of change of ADPA absorbance from the irradiated porphyrin-incorporated sample. This is, therefore, a generally applicable method for quantification of 1 O2 generation from hydrogels of any composition, provided that uptake behaviour is characterised and accounted for.
No correlation was observed between the rate of Scheme captions 
